The relationships between profiles of global gene expression and DNA damage checkpoint functions were studied in cells from patients with ataxia telangiectasia (AT). Three telomerase-expressing AT fibroblast lines displayed the expected hypersensitivity to ionizing radiation (IR) and defects in DNA damage checkpoints. Profiles of global gene expression in AT cells were determined at 2, 6, and 24 h after treatment with 1.5-Gy IR or sham treatment and were compared with those previously recognized in normal human fibroblasts. Under basal conditions, 160 genes or expressed sequence tags were differentially expressed in AT and normal fibroblasts, and these were associated by gene ontology with insulin-like growth factor binding and regulation of cell growth. On DNA damage, 1,091 gene mRNAs were changed in at least two of the three AT cell lines. When compared with the 1,811 genes changed in normal human fibroblasts after the same treatment, 715 were found in both AT and normal fibroblasts, including most genes categorized by gene ontology into cell cycle, cell growth, and DNA damage response pathways. However, the IR-induced changes in these 715 genes in AT cells usually were delayed or attenuated in comparison with normal cells. The reduced change in DNA damage response genes and the attenuated repression of cell cycle -regulated genes may account for the defects in cell cycle checkpoint function in AT cells. (Mol Cancer Res 2007;5(8):813 -22) 
Introduction
Inactivating mutations in the ataxia telangiectasia-mutated (ATM) gene lead to radiation hypersensitivity, defects in DNA damage checkpoint functions, and chromosomal instability (1) (2) (3) . DNA damage, such as ionizing radiation (IR) -induced double-strand breaks, triggers autophosphorylation or transphosphorylation of Ser 1981 of ATM, leading to the dissociation of inactive ATM dimers into catalytically active ATM monomers (4) . The rapid activation of ATM after even very low doses of IR seems to be a response to an alteration of chromatin structure (4) . More than 400 mutations in this large gene (62 exons spanning f150 kb) have been documented in ataxia telangiectasia (AT) patients, of which f70% are truncating mutations and 30% are missense mutations (5) (6) (7) (8) . Although all the mutations affect ATM functions in DNA damage response and cell cycle checkpoint control, mutations of different subtypes may show different responses to DNA damage. ATM heterozygous cell lines with truncation mutations had higher cell survival after exposure to 2-Gy irradiation compared with those with missense mutations (6) .
ATM-dependent, posttranslational modification of protein structure and function has been widely studied in DNA damage responses (1, 2, 9, 10) . In addition to defects in DNA damage response, the absence of normal ATM in AT cells may affect cell proliferation by interfering with cytoplasmic signaling pathways and accelerating telomere shortening (3, 11, 12) . Changes in transcription factors have been reported in AT cells, including activated nuclear factor nB, activator protein 1, p53, and Rb/E2F pathways (13) and defective cyclic AMPresponsive element binding protein transcriptional activity (14) . Fibroblasts from AT patients usually grow more slowly than normal fibroblasts. This may be due to lower levels of insulin-like growth factor (IGF)-I receptor (IGF-IR; ref. 13 ). The progeroid-like phenotype of AT patients may be related to dysregulation of the somatotroph axis that includes IGF and IGF-IR (15, 16) . AT fibroblasts may undergo earlier senescence compared with normal fibroblasts (17) (18) (19) . Accelerated telomere erosion seen in AT cells may be associated with the normal function of ATM to signal deprotected telomeres during G 2 (18) (19) (20) . ATM thus seems to have important roles in regulation of many transcriptional signaling pathways that are related to cell growth and DNA damage responses.
Recent effort has examined ATM-dependent transcriptional regulation using microarray technology (3, 13, 21-23). A comprehensive determination of global gene expression in AT cells will contribute to understanding the functions of ATM in cell proliferation and cell cycle regulation. Global gene expression may also assist in the identification of ATM heterozygotes with increased risk of breast and other cancers (24) . In the present study, we quantified DNA damage checkpoint functions and global gene expression profiles in fibroblast lines from three different AT patients. To reduce concern about accelerated telomere erosion and premature senescence in AT skin fibroblasts, the catalytic subunit of telomerase, hTERT, was transduced to induce expression of telomerase and stabilize telomeres. In comparison with telomerase-expressing normal fibroblasts, hypersensitivity and attenuated DNA damage checkpoint function in IR-treated AT fibroblast lines were clearly associated with attenuated changes in global gene expression.
Results

Radiation Hypersensitivity and Defective DNA Damage Checkpoint Functions in AT Lines
Based on information from the Coriell Institute, AT1 has a transition mutation (103C-T) in ATM that results in a stop codon at position 35 of the ATM protein; AT2 has two truncating mutations, one at nucleotide 1,548 on the paternal allele and the other at nucleotide 1,978 on the maternal allele. The mutation in AT3 is not known. Western immunoblot analysis of ATM protein expression showed that ATM was expressed in three normal fibroblast lines whereas very little or no ATM protein was observed in the three AT fibroblast lines (Fig. 1A) .
The three AT fibroblast lines displayed single-cell colony formation efficiencies of 10% to 15%. When plated at singlecell densities, the AT lines were hypersensitive to IR-induced inhibition of colony formation. Colony inactivation curves for telomerase-expressing AT and normal fibroblasts were comparable to those previously reported for fibroblasts that were not transduced with hTERT (25, 26) . The 1.5-Gy IR dose reduced clonal expansion by 85% to 92% in the AT lines (AT1, AT2, and AT3). Clonal expansion was reduced by only 40% to 45% by the same dose of IR in normal human fibroblasts (F1, F3, and F10; Fig. 1B ; data for normal fibroblasts taken from ref. 27 ).
The G 1 checkpoint response to IR was quantified by measuring the incorporation of 5 ¶-bromo-2 ¶-deoxyuridine (BrdUrd) 6 to 8 h after 1.5-Gy or sham treatment. G 1 checkpoint function was severely attenuated in AT cells (Fig. 1C) with only small IR-induced reductions (5-13%) in the fraction of BrdUrd-labeled S-phase cells, confirming that the immediate G 1 checkpoint response to IR is ATM dependent (10, 28, 29) . The IR-induced G 2 checkpoint was quantified by measuring mitosis-specific phospho-histone H3 immunostaining 2 h after IR or sham treatment (Fig. 1C) . IR-treated AT fibroblasts displayed a G 2 arrest as indicated by the 32% to 42% reduction in the fraction of mitotic cells. However, in comparison with the >90% reduction in mitotic cells in IR-treated normal fibroblasts (27) , the AT fibroblasts also displayed significant attenuation of G 2 checkpoint function. Thus, although ATM is required for the G 2 checkpoint response to IR-induced DNA damage, AT cells are nevertheless partially able to delay the G 2 -M transition after IR treatment.
The time course of changes in cellular DNA content, DNA synthesis, and mitosis in normal and AT cells indicated that the fraction of BrdUrd-labeled S-phase cells was little affected by IR at 2 h posttreatment in both normal and AT cells; it was reduced by 50% in normal cells and by 5% to 8% in AT cells at 6 h after IR; and it was reduced by f90% and 60% in normal and AT lines, respectively, by 24 h after IR (Fig. 2A) . The reduction in S-phase cells was associated with an increase in G 2 cells and persistent fractions of G 1 cells. Thus, AT cells displayed evidence for delays in G 1 and G 2 by 24 h after IR. The mitotic indices of normal cells were severely reduced by >95% at 2 h after IR irradiation, recovered to control levels at 6 h, and then decreased again to 30% of control at 24 h. Unlike the normal fibroblasts, the mitotic indices of AT cells were reduced by 32% to 42% 2 h after IR and remained at this level relative to sham-treated controls for up to 24 h in the AT1 and AT3 lines. In AT2 cells, the mitotic index also remained at reduced levels 2 to 6 h after IR but recovered to 170% of the control level at 24 h (Fig. 2B ).
ATM-Dependent Gene Expression Profiles with or without DNA Damage
In a previous experiment, changes in gene expression in response to IR-induced DNA damage were determined in three telomerase-expressing, normal human fibroblast lines using Agilent Human 1A arrays (27) . The same microarray platform and experimental analyses were used to monitor gene expression in AT cell lines. Because gene expression in normal and AT cells was determined relative to a universal reference RNA, it was possible to identify genes with different levels of expression in the two classes of cells (normal versus AT). Using the EPIG method for identification of differentially expressed genes, 3 229 genes or expressed sequence tags were found to be expressed differently in AT and normal fibroblasts growing under basal conditions. However, one important factor that needed to be considered in this comparison was that normal fibroblasts were cultured in DMEM with 10% fetal bovine serum (FBS) whereas AT fibroblasts were cultured in DMEM with 20% FBS or AmnioMAX-C100 medium (see Materials and Methods). Differences in culture condition may have contributed to the differential gene expression. Consequently, a second experiment was done with two normal human fibroblast lines, F1 and F10, and two AT fibroblast lines, AT1 and AT2, cultured in the same medium (DMEM with 20% FBS) and microarray analyses were done again for determination of differential gene expression. Of the 229 genes first found to differ between normal and AT lines, 160 were further confirmed to be differentially expressed in the second experiment, of which 88 genes were down-regulated and 72 were up-regulated in AT cells compared with normal cells (see Supplementary data 1 for gene list). Gene ontology analysis of these genes identified three significantly overrepresented categories: IGF binding, histogenesis and organogenesis, and regulation of cell growth. The IGF binding category included IGFBP3, IGFBP5, NOV, PRSS11, and WISP2. This result is consistent with previous studies showing abnormal regulation of IGF-I and IGF-IR in AT fibroblasts (22) .
Gene expression at 2, 6, and 24 h after IR treatment and 6 h after sham treatment was determined in AT cell lines. Four patterns of IR-induced changes in gene expression were identified by EPIG, affecting 349 genes in all three AT lines ( Fig. 3 ; see Supplementary data 2 for gene lists). Among the four expression patterns in AT cells, early-induced and earlyrepressed patterns 1 and 2 included only 9 and 6 genes, respectively, whereas late-induced and late-repressed patterns 3 and 4 with 109 and 225 genes, respectively, accounted for most of the gene expression changes induced by IR. The late-induced gene list included the targets of p53 transactivation, CCNG1, PA26, and TP53TG1. Many G 1 -S transitionregulated genes such as CDC45L, CDC6, CDC7L1, CDK2, E2F1, MCM2, MCM3, MCM5, MCM6, MCM7, PCNA, POLA2, POLD1, POLE3, RFC2, RFC4, and RFC5 were included in the late-repressed gene list. When compared with normal human fibroblasts that had 1,811 IR-responsive genes falling into nine patterns of response (27) , many DNA damage -responsive genes in normal fibroblasts, including p53 target genes CDKN1A, GADD45A, SES2, BTG2, SNK, PPM1D, CNK, PLAB, BAX, DDB2, and TP53INP1 (27), were not found to have significant changes in AT lines after IR treatment, nor were many late-repressed G 2 -M transitionregulated genes identified in AT cells, such as CCNB1, CCNB2, CDC20, CDC25C, and TOP2A.
Further analysis of the expression of these genes in irradiated AT cell lines revealed that p53 target genes were induced by IR in AT2 and AT3 in a delayed pattern as has previously been reported (22, 30) , but these genes displayed little change in AT1 (Fig. 4A) . Analysis of these genes in three normal fibroblast lines indicated that some genes, such as CDKN1A, FDXR, 1000314, and SNK, were highly induced at the 2-h time point and others, such as BAX, CES2, DDB2, and OSBPL3, displayed later induction at 6 and 24 h as in AT2 and AT3 (Fig. 4B ). The G 2 -M transition -regulated genes that were strongly repressed in normal cells (Fig. 4D) were moderately repressed in AT1 and AT3 at 24 h post-IR but not in AT2 (Fig. 4C ). This observation was consistent with the observed persistent repression of mitotic index in AT1 and AT3 but not AT2 cells at 24 h post-IR treatment (Fig. 2) . These results indicate that changes in gene expression profiles on DNA damage are closely associated with the unique alterations in cell cycle progression and checkpoint responses that are seen in individual AT fibroblast lines.
Although all ATM mutations significantly attenuated G 1 and G 2 checkpoint functions in our three AT cell lines, each line displayed unique features of cell cycle progression after DNA damage. These interindividual differences may account for the differences in clinical features of the disease among AT patients (31) . To observe as many ATM-related effects on global gene expression on DNA damage as possible, additional EPIG analyses were done to identify IR-induced changes in gene expression that occurred in two of three AT cell lines. Each of the combinations of AT1/AT2, AT2/AT3, and AT1/AT3 produced the same four expression patterns (Fig. 3) seen with all three lines. However, the sum of significant genes from all combinations increased to 1,091 (see Supplementary data 3 for gene list), a number still less than the 1,811 IR-responsive genes seen in normal fibroblasts. Comparison of the two sets of genes showed that 715 genes (see Supplementary data 4 for gene list) responded to IR-induced DNA damage in both AT and normal fibroblasts. Gene ontology analysis of these 715 IR-responsive genes covered more than 80 categories of biological processes, cellular components, or molecular function, of which most were related to cell cycle regulation and DNA damage response, with the top 10 categories of biological process being concerned with DNA replication, mitosis, and cell division. Gene ontology analysis of the 1,096 genes (see Supplementary data 5 for gene list) that responded specifically in normal fibroblasts identified 13 categories including DNA repair, response to DNA damage stimulus, and cell cycle checkpoint. For the 376 genes (see Supplementary data 6 for gene list) that responded to IR specifically in AT fibroblasts, two biological processes, cell communication and morphogenesis, were overrepresented in gene ontology analysis. Furthermore, combined EPIG analysis of gene expression profiles from all AT and normal cell lines was done. The six expression patterns that were identified indicated that IR-induced changes Four DNA damage -responsive patterns of gene expression were extracted using EPIG; each pattern represented a group of genes that responded to IR in the same way. Each pattern is presented as the average of the expression levels of the six most highly correlated genes, with the level of expression of each gene being the average of the two dye-flip replicates. For each pattern and for each cell line, gene expression levels are shown as the log 2 ratios of sample RNA against reference RNA. The log 2 ratio of gene expression in the shamtreated control was adjusted to zero and IR-treated samples were adjusted by the same proportion. Sample treatments, from left to right, were shamtreated control (n), IR 2 h (.), IR 6 h (E), and IR 24 h (x). The numbers of genes in each pattern are shown in parentheses.
in gene expression were delayed or attenuated in AT cells compared with normal cells (Fig. 5 ; see Supplementary data 7 for gene list).
Discussion
ATM has been shown to have important roles in the transcriptional regulation of gene expression by phosphorylation of transcription factors, such as p53, nuclear factor nB, E2F, cyclic AMP -responsive element binding protein, and BRCA1, and in maintenance of the normal functions of IGF-IR and telomeres (3, 13, 14, 32) . ATM-dependent gene expression has been systematically studied by comparing cell lines from normal individuals and AT patients, isogenic cell lines with restoration of ATM in AT cells or small interfering RNA knockdown of ATM in wild-type cells, and ATM +/+ /ATM À/À mice (3, 13, 21-23). More than 300 genes have been reported to display ATM-dependent expression although few genes were commonly identified in two or more experiments. The microarray results presented here identified 160 genes or expressed sequence tags (f1% of the total on the array) that were differentially expressed in normal and AT fibroblast lines under basal growth conditions, of which about half were up-regulated and half were down-regulated in AT cells relative to normal cells. Three gene ontology categories, IGF binding, histogenesis and organogenesis, and regulation of cell growth, were overrepresented in these genes. The normal and AT lines did differ in growth rates as the average S fractions were 35% in the normal lines growing in medium with 10% FBS and 25% in the AT lines growing in medium with 20% FBS or AmnioMAX medium with 10% FBS. Similarly, the average mitotic indices were 2% in normal lines and 1.5% in AT lines. It is notable that a previous study showed that ATM regulates expression of IGF-IR, and signaling through the IGF-IR contributes to radioresistance (32) . ATM is also known to phosphorylate the same Ser 111 residue on 4EBP1 that is induced by insulin (33) . Reduced expression of the important IGF-1 receptor in AT lines may account for their reduced growth rate in comparison with the normal lines. The results presented here indicated that ATM also regulates the expression of several genes that are associated with IGF binding. Enhanced expression of IGFBP3 in AT cells can inhibit cell growth directly or by competitively binding IGFs and preventing their binding to the IGF-IR (34). Endocrine dysfunction involving IGFs is associated with neurodegeneration in humans and animal models (35) . The observation that AT cells differ from normal cells in the expression of several genes that participate in IGF signaling supports a hypothesis that abnormalities in IGF signaling may contribute to neurodegeneration in AT.
The ATM-dependent, DNA damage -responsive patterns of gene expression have also been studied in many experiments (13, 21-23, 30, 36, 37) . Unlike the large variation among experiments for determination of ATM-dependent expression in the absence of DNA damage, the same sets of ATM-dependent DNA damage responsive genes were reproducibly observed in the current and previous studies. At early times between 2 and 10 h after treatment with relatively low doses of IR, genes that function in cell cycle checkpoints and DNA repair are usually not induced or are less well induced in AT cells compared with normal cells. Many of these genes are p53 target genes, such as CDKN1A, DDB2, GADD45a, CCNG, and BAX. Some E2F-regulated genes, such as RFC subunits, MCM family members, CCNA, CCNB, and PCNA, were repressed to a lesser extent in AT cells (22) (23) (24) . It should be noted that the dose of IR-induced DNA damage can markedly affect the identification of ATMdependent gene expression. For example, whereas AT and normal lymphoblasts showed clear differences in expression of the above-mentioned genes after 1-Gy IR, after 5-Gy IR the differences in gene expression were eliminated, apparently because ATM and Rad3-related (ATR) signaling was activated in AT lymphoblasts after the higher dose and similar checkpoint functions as in normal cells were initiated (30) . In the present analysis, a 1.5-Gy IR dose that inhibited clonal expansion by 90% in AT fibroblasts and 40% in normal human fibroblasts (27) was selected for analysis of DNA damage checkpoint function and global changes in gene expression. Although the three AT cell lines expressed little or no ATM protein and displayed attenuated DNA damage checkpoint functions, they nevertheless displayed redistribution among the cell cycle compartments after IR treatment. The patterns of redistribution were consistent with IR-induced cell cycle delays in G 1 and G 2 . The G 1 delay produced a reduction in S-phase cells, and the G 2 delay produced a reduction in mitotic cells. The dynamic changes in the G 1 , S, and G 2 compartments from 2 to 24 h after irradiation were similar in the three cell lines. Mitosis was also repressed from 2 to 24 h in two of the lines, with a third displaying recovery of mitosis at 24 h. This finding showed that there were idiosyncratic differences in responses to DNA damage among the three AT cell lines. The results of analysis of global gene expression in IR-treated AT cells also revealed nonstereotypic responses patterns among the AT cell lines.
Two methods were used to analyze microarray data in AT cell lines. In one, expression profiles from the three AT lines were analyzed to identify stereotypic responses shared by all of the lines. EPIG analysis extracted four expression patterns and 349 genes. It was noted from this analysis that many p53 target genes, such as CDKN1A, GADD45A2, BTG2, BAX, and DDB2, and many G 2 -M transition -regulated genes, such as CCNB1, CCNB2, CDC20, CDC25C, and TOP2A, were not identified. In previous studies of this type (22, 30) , these genes displayed attenuated or delayed responses to IR in AT cells. To identify as many IR-responsive genes as possible in AT patients, sets of two of the three AT lines were used for extraction of expression patterns and identification of significant genes. In this way, the p53 target genes were recognized in the AT2 and AT3 combination, and the G 2 -M transition -regulated genes were identified in the AT1 and AT3 combination. This analysis showed that AT1 was deficient in late induction of p53 target genes, which may lead to the lack of late repression of some cell cycle -regulated genes, such as CDC6, CDCA7, FANCE, MSH6, and UNG, in this cell line (Fig. 5, pattern 3) , and AT2 was deficient in late repression of G 2 -M transition -regulated genes, which was associated with F1, F3, F10, AT1 , AT2, and AT3 as depicted at the bottom of the figure; the numbers of genes in each pattern are shown in parentheses. For each pattern and for each cell line, gene expression levels are as described in Fig. 3. the marked recovery from G 2 arrest at 24 h post-IR in AT2 cells. These results explained why the p53 target genes and G 2 -M transition -regulated genes were not identified when expression data from all three cell lines were used for EPIG analysis.
When compared with gene expression profiles in normal fibroblasts, 715 genes were also commonly changed by IR in AT fibroblasts, including many genes that are related to cell cycle regulation and DNA damage response. However, the changes of these genes differed between normal and AT cell lines in patterns and degree of change. For example, whereas CDKN1A, FDXR, SNK, PLAB, and DDB2 all were rapidly induced after IR in normal fibroblasts (27) , these genes displayed delayed induction in AT cell lines. Analysis of global gene expression confirmed previous results that DNA damage responses do occur in AT cells given a large enough dose or enough time posttreatment (28) . Another study of global gene expression in AT cells showed rapid induction of p53 target genes after high doses of IR (30) . ATM and ATR can phosphorylate the same target genes (38) , and inactivation of ATR function has been shown to attenuate DNA damage checkpoint response to IR (39, 40) . Further, it is suggested that when replication protein A coats ssDNA intermediates that are produced during repair of DNA double-strand breaks, ATR is activated to phosphorylate checkpoint effector genes such as p53 and Chk1 (41). Therefore, it is reasonable to conclude that ATR signals from sites of IR-induced DNA damage to induce DNA damage checkpoint responses and global changes in gene expression in normal and AT cells (Fig. 6 ).
There were 1,096 genes that responded to DNA damage in normal cells but not in AT cells. Many of these genes display delayed repression associated with prolonged G 1 arrest or delayed induction associated with development of a G 0 -like state of quiescence (27) . Because the irradiated AT cells did not fully arrest cell division in G 1 or G 2 but rather continued to move through G 1 and G 2 , albeit at reduced rates, they did not enter the G 0 -like state of quiescence as normal cells did, and many cycleregulated genes probably did not achieve the signal-to-noise ratio threshold needed to be identified as significant genes.
EPIG also identified 306 genes that responded to IR in AT cells but not in normal cells, and gene ontology analysis yielded two overrepresented biological categories, cell communication and morphogenesis. Although AT cells display reduced DNA damage checkpoint function in comparison with normal, they display enhanced cytotoxicity as was reproduced with the telomerase-expressing AT lines. After the 1.5-Gy dose of IR used in these studies, 90% of AT fibroblasts were killed or permanently arrested but only 40% of normal fibroblasts experienced such effects. It is plausible that AT cells recognize the greater level of lethal cellular damage and trigger responses not seen in the normal cells. The data suggest that AT fibroblasts might respond to lethal damage with changes in cell communication and morphogenesis.
Analysis of the dynamic changes in cell cycle compartments showed a nearly 3-fold increase in the proportion of G 2 -phase AT cells at 24 h after IR treatment. Genes that regulate the G 2 -M transition and are induced in late S and G 2 , such as CDC2, CCNB1, CCNB2, and CDC20, were repressed in irradiated AT1 and AT3 cell lines. p53 has been shown to repress the expression of CDC2, CCNB1, and CCNB2 (42, 43) , and analysis of global gene expression in normal fibroblasts suggested that many cell cycle -regulated genes were repressed in response to IR-induced DNA damage through a p53-dependent pathway (27) . The repression of these genes in FIGURE 6 . Potential pathways of checkpoint function and cell cycle gene regulation in AT fibroblasts after IR-induced DNA damage. On IR-induced DNA damage, the ATM-dependent signaling pathway is absent in AT cells, but the ATRdependent pathway, although delayed, is activated and initiates G 1 and G 2 arrests. p53 plays a key role in ATRdependent cell cycle checkpoint function by inducing important cell cycle kinase inhibitors and by repressing transcription of cell cycle -regulated genes. Not all AT cell lines followed the same rules. The AT1 cell line was defective in induction of some p53 target genes, including p21
Waf1 (a), and AT2 was defective in repression of G 2 -M transition -regulated genes on DNA damage, leading to escape from delayed G 2 arrest (b).
irradiated AT cells suggests the contribution of an ATMindependent but p53-dependent pathway to induce G 2 delay. This pathway was not recognized in the AT2 cell line, suggesting that the AT2 line has an idiosyncratic alteration affecting its response to DNA damage (Fig. 6) . Interestingly, although the late repression of CDC2, CCNB1, CCNB2, and CDC20 was observed in the AT1 cell line, it displayed a defect in the induction of p53 targets such as CDKN1A, GADD45A, BTG2, and DDB2 (Fig. 6 ). This suggests that there may also be a p53-independent pathway to repress G 2 -M transition genes. The lack of induction of the canonical p53 targets may also be related to the ablated late repression of genes associated with regulation of the G 1 -S transition and DNA repair, such as CDC6, MSH6, and UNG, in AT1 cells (Fig. 5, pattern 3) .
Consistent with the severely reduced expression of ATM, significant defects in DNA damage checkpoint response, and markedly increased radiosensitivity in the three AT cell lines, changes in global gene expression profiles of AT cells, when compared with normal cells, revealed ATM-dependent and ATM-independent stereotypic gene regulation in response to IR-induced DNA damage. On IR-induced DNA damage, induction of early DNA damage -responsive genes, especially CDKN1A, is critical to establish G 1 arrest (1); active transrepression of cell cycle -regulated genes, especially those functioning in G 2 -M transition, is also important for maintenance of the G 2 arrest (44) . Lack of immediate ATM-and p53-dependent induction of CDKN1A and decreased active repression of G 2 -M transition -regulated genes contributed, at least partially, to the observed attenuations of the G 1 and G 2 checkpoints, allowing cells with damaged DNA to proceed through the cell cycle. The G 1 -S checkpoint seems to be critical for avoiding mutation after DNA damage but does not have significant effect on cell survival (45) . However, failure in activation and maintenance of the G 2 -M checkpoint would allow IR-damaged G 2 -phase cells to proceed into mitosis carrying unrepaired DNA double-strand breaks, causing a subsequent permanent arrest in G 1 through the p53-dependent pathway (45) . The observation that p53-deficient fibroblasts with ablated G 1 checkpoint function but effective G 2 checkpoint function are radioresistant supports this hypothesis (46) . Defective regulation of the G 2 checkpoint in AT cells at both transcriptional and posttranscriptional levels may contribute to the phenotype of radiosensitivity.
Moreover, idiosyncratic responses of global gene expression profiles on DNA damage in individual AT cell lines suggest that some ATM mutations may cause defects in DNA damage response by mechanisms in addition to the common wellreported defects in checkpoint functions. There are more than 400 disease-associated mutations in ATM and no hotspots for mutation (8) . The idiosyncratic changes in global gene expression may reflect the underlying genetic instability associated with ATM deficiency that leads to different phenotypes in AT patients (31) and may help us subclassify AT patients for better treatment.
Materials and Methods
Cell Lines and Culture
AT fibroblast strains, GM02052A (AT1), GM08391 (AT2), and GM03395 (AT3), were obtained from the Coriell Institute (Camden, NJ). Normal human fibroblast strains, F1, F3, and F10, were derived from neonatal foreskins and established in secondary culture according to established methods (47) . Immortalized cell lines were obtained by ectopic expression of human telomerase (hTERT) as previously described (40, 48) . AT1 and AT2 were cultured in high-glucose DMEM supplemented with 2 mmol/L L-glutamine and 20% FBS and displayed typical fibroblastic growth in culture with spreading of spindle-shaped cells to cover the dishes. However, the AT3 line was anomalous and grew in clumps without spreading on culture dishes in the standard AT fibroblast growth medium. Therefore, AT3 was cultured in AmnioMAX-C100 medium (450 mL basal medium + 15 mL supplement; Invitrogen) with 10% FBS. In this medium, AT3 assumed the typical spindle morphology of fibroblasts with spreading growth to cover culture dishes. All experiments with AT3 were done with AmnioMAX supplementation of growth medium. The normal human fibroblast lines were cultured in high-glucose DMEM supplemented with 2 mmol/L L-glutamine and 10% or 20% FBS. All cell lines were maintained at 37jC in a humidified atmosphere of 5% CO 2 and were routinely tested and shown to be free of Mycoplasma contamination by using a commercial assay (Gen-Probe).
Western Blotting
Logarithmically growing AT and normal fibroblasts were harvested by trypsinization, washed once in PBS, and resuspended in lysis buffer [10 mmol/L sodium phosphate buffer (pH 7.2), 1 mmol/L EDTA, 1 mmol/L EGTA, 150 mmol/L NaCl, and 1% NP40, supplemented with 10 mmol/L 4-(2-aminoethyl) benzenesulfonyl fluoride, 10 mmol/L h-glycerophosphate, 10 mmol/L sodium orthovanadate, and 10 Ag/mL concentrations of leupeptin and aprotinin]. Protein concentrations were determined with the Bio-Rad detergent-compatible protein assay (Bio-Rad Laboratories). Samples containing equal amounts (100 Ag) of protein were mixed with an equal volume of 2Â Laemmli sample buffer [125 mmol/L Tris-HCl (pH 6.8), 4% SDS, 20% glycerol] containing 5% h-mercaptoethanol, boiled, and separated by SDS-PAGE. Proteins were transferred to nitrocellulose and probed with antibodies against ATM. Production of affinity-purified anti-ATM antibody was previously described (49) .
Cell Irradiation
Cells were exposed to IR in their culture medium using a 137 Cs source (Gammacell 40, Atomic Energy of Canada Ltd.) at a dose rate of 0.84 Gy/min. Sham-treated controls were subjected to the same movements in and out of incubators as irradiated cells.
Clonogenic Assay
Colony formation was measured in logarithmically growing AT1, AT2, and AT3 fibroblasts, plated at 1,000 to 1,200 cells per 100-mm-diameter dish, and incubated for 8 h before exposure to IR (three dishes per dose). Cells were cultured for 2 weeks, changing medium twice a week. Colonies were fixed and stained with a solution of 40% methanol and 0.05% crystal violet. Colonies with z50 cells were counted. The relative colony-forming efficiency of IR-treated cells was expressed as a fraction of sham-treated controls.
Cell Cycle Checkpoint Assays
Logarithmically growing AT cells were seeded at 5 Â 10 5 per 100-mm dish, fed at 24 h, and irradiated 48 h after seeding as described above. For quantitative analysis of the G 1 checkpoint, 10 Amol/L BrdUrd (Sigma Chemical Co.) was added to culture medium at various times after irradiation to label S-phase cell DNA and cultures were incubated for another 2 h. Cells were harvested, washed with PBS, and fixed with 67% ethanol in PBS. Cells were stained with FITC-conjugated anti-BrdUrd antibody (BD Biosciences, San Jose, CA) and propidium iodide (Sigma) and then S-phase cells were enumerated by flow cytometry as previously described (10, 50, 51) . For quantitative analysis of the G 2 checkpoint, mitotic cells were quantified by flow cytometry. Briefly, cells were harvested at various times after irradiation, washed with PBS, fixed in 1% formaldehyde in PBS for 30 min, and then fixed in 67% ethanol in PBS. Cells were incubated in 0.5 Ag/100 AL anti -phospho-histone H3 antibody (Upstate Biotechnology) for 2 h and then stained with FITC-conjugated anti-rabbit antibody (Santa Cruz Biotechnology) and propidium iodide (52) (53) (54) . Flow cytometric analyses to enumerate mitotic cells were done using a FACScan flow cytometer (BD Biosciences) and Summit software (Dako Colorado, Inc.).
Oligo DNA Microarray
Logarithmically growing AT cells were treated with 1.5-Gy IR and harvested at 2, 6, or 24 h after the treatment. Controls were harvested 6 h after sham treatment. Total RNA was isolated with Qiagen RNeasy kit (Qiagen Sciences). The quality of all RNA samples was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies). Microarray analysis was then done using a 22,000-element human 1A array (Agilent) through a contract with Cogenics, Inc. For details, please refer to our previous publication (27) .
Microarray Data Analysis
The extraction of gene expression patterns and identification of significantly changed genes were carried out using a method known as EPIG (27) . Three parameters, the correlation coefficient within a specific pattern, the magnitude of change in gene expression (signal), and the signal-to-noise ratio, were used for selection of significant genes (27) .
Two strategies were used for extraction of IR-responding genes in AT cells. First, all three AT cell lines were analyzed to see the stereotypic gene changes in AT cells. Second, two of three AT cell lines with combinations of AT1/AT2, AT2/AT3, and AT1/AT3 were analyzed to see the diversity in gene changes among AT cells that may have different mutations and respond to IR differently. Results from the second analysis were compared with IR-responding genes in normal human fibroblasts (30) .
Gene ontology categories that were overrepresented in a selected gene list, compared with what was represented on the microarray, were identified using Expression Analysis Systematic Explorer (EASE). Such overrepresented categories represent biological ''themes'' of a given list. 4 
